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In a screen for mouse mutations with dominant behavioral anomalies, we identified Wheels, a mutation associated with
circling and hyperactivity in heterozygotes and embryonic lethality in homozygotes. Mutant Wheels embryos die at
E10.5–E11.5 and exhibit a host of morphological anomalies which include growth retardation and anomalies in vascular and
hindbrain development. The latter includes perturbation of rhombomeric boundaries as detected by Krox20 and Hoxb1.
ECAM-1 staining of embryos revealed normal formation of the primary vascular plexus. However, subsequent stages of
ranching and remodeling do not proceed normally in the yolk sac and in the embryo proper. To obtain insights into the
ircling behavior, we examined development of the inner ear by paint-filling of membranous labyrinths of Whl/1 embryos.
his analysis revealed smaller posterior and lateral semicircular canal primordia and a delay in the canal fusion process at
12.5. By E13.5, the lateral canal was truncated and the posterior canal was small or absent altogether. Marker analysis
evealed an early molecular phenotype in heterozygous embryos characterized by perturbed expression of Bmp4 and Msx1
n prospective lateral and posterior cristae at E11.5. We have constructed a genetic and radiation hybrid map of the
entromeric portion of mouse Chromosome 4 across the Wheels region and refined the position of the Wheels locus to the
1.1-cM region between D4Mit104 and D4Mit181. We have placed the locus encoding Epha7, in the Wheels candidate
region; however, further analysis showed no mutations in the Epha7-coding region and no detectable changes in mRNA
expression pattern. In summary, our findings indicate that Wheels, a gene which is essential for the survival of the embryo,
ay link diverse processes involved in vascular, hindbrain, and inner ear development. © 2001 Academic Press
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iINTRODUCTION
In the mouse, gene targeting approaches provide a direct
and efficient way to address the function of any known
gene. Due to the rapidly growing number of genes identified
by genome sequencing, and a need to analyze allelic series
to address their function, considerable efforts are now under
way to initiate phenotype-based mutagenesis screens (Schi-
menti and Bucan, 1998; Brown and Nolan, 1998; Hrabe de
Angelis et al., 2000; Justice et al., 1999). Circling behavior
with hyperactivity represents a common visible phenotype
1 Present address: MRC Mammalian Genetics Unit, Harwell–
Oxon, OX11 ORD, U.K.
2 To whom correspondence should be addressed at Department
f Psychiatry, Center for Neurobiology and Behavior, University of
ennsylvania, 415 Curie Boulevard, Philadelphia, PA 19104. Fax:215) 573-2041. E-mail: bucan@pobox.upenn.edu.
244mong existing mutations in mice. Molecular characteriza-
ion of an array of targeted mutations in the mouse as well
s the cloning of genes disrupted in preexisting mouse
utants provide strong evidence that genes whose disrup-
ion leads to circling play a role in the patterning of the
nner ear and/or brain (Probst et al., 1998; Epstein et al.,
1991; Cordes and Barsh, 1994; Wang et al., 1998b; Erkman
et al., 1996). In zebrafish, circling mutants show anomalies
in auditory-vestibular mechanosensation (Granato et al.,
1996; Nicolson et al., 1998). Similarly, a screen for abnor-
mal auditory response in Drosophila melanogaster identi-
fied circling mutants (Eberl et al., 1997). Therefore, circling
with hyperactivity may serve as a phenotypic/behavioral
flag for genes that play an important role during the
development of the nervous system.
The majority of circling mutants in the mouse, some-
times referred to as the shaker/waltzer type mutants, are
associated with defects of inner ear structures. These
0012-1606/01 $35.00
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245The Mouse Wheels Mutationanomalies range from cochleo-saccular and neuroepithelial
abnormalities in deafness mutants, such as shaker1,
haker2, and Snell’s waltzer, to defects in the patterning of
he developing inner ear in so-called “morphogenetic mu-
ants” (Steel, 1995). In the mouse, the anlagen for the inner
ar originates from the ectodermal thickened areas (otic
lacode) located dorsal to the hindbrain at the level of
hombomeres 5 and 6. A single-cell layer of epithelium
orms an otic placode which invaginates and closes to form
he otic vesicle (otocyst). Further patterning of the otocyst
ives rise to the auditory and vestibular apparatus through
series of morphogenetic movements, proliferation, differ-
ntiation, and cell death (Morsli et al., 1998; Torres and
iraldez, 1998). The wealth of mouse mutations that affect
he development of the inner ear will contribute to the
nderstanding of molecular pathways underlying these
omplex processes.
The Wheels mutation in the mouse was isolated in a
small-scale mutagenesis screen for dominant mutations
with abnormal rest:activity patterns (Nolan et al., 1995;
Pickard et al., 1995). The Whl/1 mice are hyperactive and
display bidirectional circling, whereas Whl/Whl embryos
ie in utero at midgestation (Nolan et al., 1995). Similar to
many mouse mutations that exhibit circling behavior,
Whl/1 mice have disrupted inner ear development. We
have shown that, in adult Whl/1 mice, inner ear anomalies
are restricted to the semicircular canals of the vestibular
apparatus, which is responsible for the sense of balance.
These defects range from slight atrophy of one or more
cristae to complete absence of the lateral crista and canal
(Nolan et al., 1995). The dominant phenotype of the Wheels
mutation has been previously used to map this locus to the
centromeric portion of mouse Chromosome 4, specifically
to a 9-cM region between D4Mit149 and D4Mit1 (Nolan et
al., 1995). Based on the phenotypic analysis of the dominant
phenotype, and chromosomal localization, we concluded
that Wheels defines a novel locus.
Here, we have refined the chromosomal position of the
Wheels locus by mapping it to the 1.1-cM region between
D4Mit104 and D4Mit181 on mouse Chromosome 4. Fur-
thermore, we have placed the locus encoding EphA7, a
member of the largest family of receptor kinases, in the
Wheels candidate region. We examined the morphology of
Whl/Whl embryos prior to their death at E10.5–E11.5.
Whl/Whl embryos are normal at postimplantation stages
until E9.5, when developmental retardation becomes evi-
dent. Marker analysis with Krox20 and Hoxb1 revealed a
disruption in establishment of rhombomeric boundaries in
the hindbrain. In addition, mutant embryos display edema-
tous cysts on the brain and a reduction in size of the
forebrain. PECAM-1 staining of embryos at E9.5 revealed a
failure of the primary vascular plexus to undergo remodel-
ing in the head region and in the yolk sac. In heterozygous
embryos, the absence of the lateral semicircular canal is
evident as early as E12.5 and is accompanied by reduced
expression of molecular markers Bmp4 and Msx1 in the
primordia of the vestibular system at E11.5. The pleiotropic
Copyright © 2001 by Academic Press. All rightnature of the Wheels mutation provides the opportunity to
better understand several aspects of mammalian develop-
ment, including vascular remodeling and the development
of the inner ear.
MATERIALS AND METHODS
Mice
Inbred strains of mice (C57BL/6J and BALB/CJ) were obtained
from the Jackson Laboratory (Bar Harbor, ME). The Wheels muta-
ion was originally identified in a behavioral mutagenesis screen
mong the progeny of BALB/cR1 (mutagenized) male and (C57BL/
0R1 3 C3Hf/R1)F1 female (Nolan et al., 1995; Pickard et al.,
1995). A colony of Whl/1 mice was maintained for genetic map-
ping, embryological, and behavioral studies. The mice were housed
under a 12:12 h light:dark schedule.
Genetic Mapping of the Wheels Locus
Further mapping of the Wheels locus was carried out by genetic
mapping of congenic lines generated by successive backcrosses
(Whl/1 3 C57BL/6J) 3 C57BL/6J backcrosses. The following
microsatellite markers were used to detect the region of BALB/cJ/
C57BL/6J heterozygosity in the Whl/1 congenic lines: D4Mit149,
D4Mit104, D4Mit235, D4Mit264, D4Mit181, D4Mit101,
4Mit292, D4Mit99, D4Mit18, and D4Mit1. The polymerase chain
eaction (PCR) was carried out as previously described for these
arkers (Nolan et al., 1995). PCR with markers D4Mit235,
4Mit18, and D4Mit1 was performed nonradioactively in a 15-ml
reaction volume and checked on a 2% agarose gel (Tarantino et al.,
2000). To map the EphA7 gene in generated congenic lines, we
dentified a single nucleotide polymorphism (SNP) between
57BL/6J and BALB/cJ DNA and developed a restriction endo-
uclease assay for genotyping. This polymorphism involved an A:T
ubstitution in position 3748 in the C57BL/6J strain (GenBank
ccession no. X79082). A DNA fragment containing this site was
mplified from genomic DNA by PCR using the primers 59-
TCTTTTCCAGAACCATCTGTG-39 and 59-TGACACAGCCA-
GATACCAA-39, and the isolated amplicon was purified and
igested with Kpn I for the analysis of backcross progeny.
Radiation Hybrid Mapping
T31 Radiation hybrid panel DNA samples (Research Genetics,
Huntsville, AL) were diluted threefold to 8.3 ng/ml, and 3 ml (25 ng) of
each hybrid cell line DNA was used in PCR together with 23 mM
rimers, 0.23 mM of each dNTP, 13 PCR containing 1.5 MgCl2, and
0.25 U Taq DNA polymerase. PCR conditions were as follows: a
5-min denaturation step at 96°C and 15 min at 94°C followed by 3
cycles of 94°C for 20 s, 61°C for 30 s and repeated at 59°C and 57°C,
followed by 29 cycles of 94°C for 20 s, 55°C for 30 s, 72°C for 10 s, and
a final extension step at 72°C for 60 s. The following ESTs and gene
markers were used in RH mapping: D4Wsu139e is an EST obtained
from a cDNA library constructed from ectoplacental cone and ex-
traembryonic ectoderm of E7.5 mouse embryos (Ko et al., 1998);
Penk1 gene encodes Preproenkephalin, an opioid propeptide that has
been mapped to 1 cM from the centromere on mouse Chromosome 4
(Giros et al., 1995); Lyn is a Yamaguchi sarcoma virus-related onco-
gene that acts as a nonreceptor tyrosine kinase in signal transduction
pathways of the hematopoietic system (Avraham et al., 1993); Gem
(gene overexpressed in skeletal muscle) is a GTP binding protein
s of reproduction in any form reserved.
b
D
r
e
a
r
b
p
v
M
a
w
1
y
o
p
g
b
246 Alavizadeh et al.belonging to the Ras superfamily and plays a role in cellular response
to growth stimulation (Santoro et al., 1995). Primers were initially
tested on mouse and hamster DNA controls, prior to the analysis of
100 hybrid cell lines. PCR-amplicons were run on 2% agarose gels,
and the presence or absence of PCR fragments was scored. For each
marker, the T31 radiation hybrid panel was typed twice. Placement of
markers was carried out using Auto-RHMAPPER available at The
Whitehead Institute/MIT Center for Genome Research RH Map site
(http://waldo.wi.mit.edu/mouse rh/). The data were maintained at
RHBase (http://RHBase.med.upenn.edu), an online data management
system and interface to several RH mapping programs and databases
(Tarantino et al., 2000). The RH mapping data (vector scores) have
een deposited at The Jackson Laboratory Mouse Radiation Hybrid
atabase (http://www.jax.org/resources/documents/cmdata/rhmap/
h.html).
Whole-Mount in Situ Hybridization
Morphology of various CNS domains was examined by in situ
hybridization of digoxigenin-labeled riboprobes. cDNA clones for
Otx2 (Simeone et al., 1992), Engrailed2 (En2) (Davis et al., 1988),
Krox20 (Wilkinson et al., 1989), and Sonic hedgehog (Shh) (Chang
t al., 1994) were used to examine forebrain, mid/hindbrain bound-
ry, hindbrain rhombomeres 3 and 5, and neural axis development,
espectively. A Hoxb1 cDNA clone was used to visualize rhom-
omere 4 (Murphy et al., 1989; Murphy and Hill, 1991). An EphA7
robe was kindly provided by Dr. Reshma Taneja. Analysis of otic
esicle and inner ear structures was performed by using Bmp4,
sx1 (Hill et al., 1989; Jones et al., 1991), Hmx3 (Bober et al., 1994),
nd Pax2 (Dressler et al., 1990). Whole-mount in situ hybridization
as performed as previously described (Wilkinson and Nieto,
993). Briefly, embryos were dissected from maternal tissues,
olk-sac, and amnion. Embryo yolk sacs were used for genotyping
f embryos by using markers in the Wheels interval. Fixation in 4%
araformaldehyde in PBS for 2.5 h was followed by dehydration in
raded series of Methanol in PBS. Embryos were rehydrated and
leached in 6% H2O2 followed by washing in PBS containing 0.1%
Tween 20 (PBT) and treated with 10 mg/ml proteinase K (Boehringer
Mannheim, Indianapolis, IN) for 5 min. After refixation in 0.2%
glutaraldehyde/4% paraformaldehyde, the embryos were hybrid-
ized overnight at 65°C. After posthybridization washes and RNase
A treatment, the embryos were incubated with anti-digoxigenin
antibody coupled with alkaline phosphatase. Detection of the
digoxigenin epitope was performed as described by Conlon and
Rossant (1992). BM purple AP substrate (Boehringer Mannheim)
was used for the color reaction. When the color reaction was
complete, embryos were dehydrated through a graded methanol
series to 100% methanol for 5 min to intensify the stain. They were
then rehydrated and cleared through 50 and 80% glycerol in PBS
containing 0.1% Tween 20 (PBT). cRNA probes were prepared by
transcription using T3, T7, or SP6 RNA polymerases.
PECAM-1 (CD31) and Neurofilament
Immunohistochemistry
Whole-mount embryo immunostaining using an anti-PECAM-1
antibody was performed to mark endothelial cells (MEC13.3, rat
anti-mouse monoclonal; PharMingen, San Diego, CA) (Baldwin et
al., 1994). Embryos were fixed overnight in 4:1 methanol/DMSO at
4°C. On the following day, they were bleached for 1 h in 4:1
methanol/30% hydrogen peroxide and rehydrated into PBS through
a graded methanol series. The embryos were blocked for 2 h with
the antibody solution (10% goat serum, 4% BSA, 2% powdered dry
Copyright © 2001 by Academic Press. All rightmilk, 0.1% Triton X-100, and 0.01% sodium azide) and later in the
same solution containing 1:2000 dilution of primary antibody
[Purified Rat Anti-Mouse CD31 (PECAM-1) mAb, Clone MEC
13.3; PharMingen]. Washes were performed seven times for 1 h in
TBS containing 0.1% Tween 20, 10% goat serum, 1% powdered dry
milk, and 0.01% sodium azide. The last two steps were repeated for
the secondary antibody (Monoclonal Anti-Rat and Light Chains
Alkaline Phosphatase Conjugate; Sigma ImmunoChemicals) di-
luted 1:1000. Alkaline phosphatase was detected with NBT and
BCIP as substrates. The color reaction was intensified by dehydra-
tion in a methanol series, and the embryos were cleared in glycerol.
To reduce background levels, primary and secondary antibodies
were blocked for 2 h with embryo acetone powder in the antibody
solution. For neurofilament staining, the embryos were fixed and
H2O2 treated as described above. They were then incubated with
anti-neurofilament ascites antibody (Clone NN18, Monoclonal
Anti-Neurofilament 160; Sigma, St. Louis, MO) diluted 1:1000 in
PBS containing 2% powdered milk, 5% DMSO, and 0.1% Tween
20 at 4°C for 2 days while gently rocking. They were washed with
PBS containing 5% DMSO and 0.1% Tween 20 four times with the
final wash at 4°C overnight followed by incubation in the second-
ary antibody consisting of a peroxidase-conjugated goat anti-mouse
IgG at 1:1000 for 2 days. The embryos were then washed as before.
Color development was in 0.1 M Tris—HCl, pH 7.5, containing 1
mg/ml diamino benzidine for 3 h followed by addition of 0.1 M
Tris–HCl containing 0.01% H2O2 until neurofilament expression
was visible. The embryos were cleared in 80% glycerol.
Paint Injection of Whl/1 Embryos
The paint-fillings of the ears were performed in a similar way to
that described for chick (Bissonnette et al., 1996) or mouse (Martin
and Swanson, 1993) embryos except for a few changes. Mouse
embryos were decapitated and fixed in Bodians fixative (75%
ethanol, 5% formalin, 5% glacial acetic acid) overnight and washed
twice (minimum 2 h for each wash) in each of the following
solutions: 75%, 95%, 100% ethanol. Heads were bisected and
cleared overnight in methyl salicylate. The endolymphatic com-
partment of the inner ears was injected via either the common crus
or cochlea by using a pulled glass capillary pipette (20–40 mm
diameter) filled with 1% gloss paint in methyl salicylate.
RESULTS
Chromosomal Localization of the Whl Locus
The Wheels locus has been previously mapped to a 9-cM
region in the subcentromeric portion of mouse Chromo-
some 4, between markers D4Mit149 and D4Mit1 (Nolan et
al., 1995). Chromosomal localization was performed by a
genome scan of 13 mice from partially congenic lines,
obtained by backcrossing the Wheels mice carrying the
mutant locus on the BALB/cJ chromosome to the C57BL/6J
(donor) strain. Further genetic analysis showed that C57BL/
6-J was the only genetic background, among several inbred
strains tested (C3H/HeJ, BALB/cJ, and CAST/Ei), that does
not partially suppress the dominant circling phenotype of
Wheels mice (P.N. and M.B., unpublished data). In order to
further refine the map position of this mutation, we con-
tinued with the generation of congenic Wheels lines by
successive backcrosses to the C57BL/6J strain. We expected
s of reproduction in any form reserved.
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247The Mouse Wheels Mutationthat recombination with C57BL/6J DNA in the BALB/cJ
region around the mutant locus together with selection for
the dominant circling phenotype would narrow down the
candidate region for the Wheels locus. During the course of
ackcrossing, the extent of the BALB/cJ chromosome was
onitored by using markers polymorphic between BALB/cJ
nd C57BL/6J chromosomes, which were previously as-
igned to the subcentromeric portion of mouse Chromo-
ome 4 (Dietrich et al., 1994). Figure 1 shows two congenic
ines that carry the Wheels mutation, which were generated
y six to eight consecutive backcrosses of the Wheels
utation to C57BL/6J. The common segment of the
ALB/cJ genome in these two Wheels lines lies between the
4Mit104 and D4Mit181 markers (http://www-
enome.wi.mit.edu/). The Wheels locus does not show
ecombination with D4Mit235 and D4Mit264 (Fig. 1B).
his analysis, combined with the reported genetic distance
etween these two flanking markers provides a chromo-
omal localization for the Wheels locus to a ;1.1-cM
nterval.
According to the composite map of mouse Chromosome
, no known genes have been previously assigned to the
nterval between markers D4Mit104 and D4Mit181 (http://
ww-genome.wi.mit.edu/). However, the EphA7 locus for-
erly Ebk, Mdk1, had previously been mapped to a broad
nterval distal to these markers (Ellis et al., 1995). Given the
ole that members of the Eph/ephrin gene family play in
NS development and the fact that null mutants for several
embers of this gene family show defects either in inner
ar or vascular development, we sought to determine
hether EphA7 mapped to our candidate interval. We were
ble to identify a single nucleotide polymorphism (SNP) in
he 39-UTR of the EphA7 gene between the BALB/cJ and
56BL/6-J alleles which allowed mapping of the EphA7
ocus in the two congenic lines. These congenic lines,
haracterized by the BALB/cJ/C57BL/6J heterozygosity in
he Whl region (Fig. 1B), carry both alleles of the EphA7
ene (C56BL/6-J and BALB/cJ). Therefore, we concluded
hat EphA7 maps between D4Mit104 and D4Mit181,
within the 1.1-cM Wheels candidate interval. However,
equencing of EphA7 amplicons representing the entire
DNA sequence isolated from Whl/Whl and wild-type
C56BL/6-J and BALB/cJ) DNA did not reveal any base pair
ubstitution in the coding region (data not shown).
Radiation Hybrid Mapping of the Wheels Region
In an effort to facilitate mapping of candidate genes in the
Wheels locus, we established a radiation hybrid map of the
centromeric portion of Chromosome 4 using the T31 radia-
tion hybrid panel (McCarthy et al., 1997). The established
RH map integrates mapping information for: (1) SSLP mark-
ers that were used in genetic analysis of Whl/1 congenic
ines; (2) SSLP markers which did not detect polymorphism
ppropriate for genetic studies of Wheels but could be used b
Copyright © 2001 by Academic Press. All rightn the physical mapping effort; an (3) gene loci previously
apped to subcentromeric portion of Chromosome 4. (Fig.
A and Table 1). Additional genes previously mapped to the
ubcentromeric portion of mouse Chromosome 4 were
laced on the RH map by using Auto-RHMAPPER (http://
aldo.wi.mit.edu/mouse rh/; Table 1). These markers in-
lude: Lyn, Penk1, Gem, and Cbfa2t1; however, none of
these genes maps within the Wheels candidate interval.
Our radiation hybrid mapping confirms localization of the
EphA7 locus to the Wheels candidate region, with highest
linkage to the marker D4Mit235 (LOD score of 13). A
comparison of our RH map with RH data for over 9500
EST’s (http://www.jax.org/resources/documents/cmdata/
rhmap/) identified two novel transcripts in the Wheels
candidate region (GenBank accession nos. AI848629 and
C80220). One of these EST’s (AI848629) does not show any
similarities to previously identified genes, while the other
(C80220) is similar to human RAB2, a ras-related GTP-
binding protein involved in the regulation of protein secre-
tion. Mutation analysis of these sequences in Whl/Whl
DNA is currently in progress.
Phenotypic Characterization of Whl/Whl Embryos
Matings between Whl/1 animals produce a 1:2 ratio of
wild-type and heterozygous (Whl/1) progeny and no Whl/
Whl animals, indicating that homozygous mutant embryos
die before birth (Nolan et al., 1995). Embryos from timed
matings between heterozygotes were collected, and the
time of lethality was determined to be E10.5–E11.5. Pheno-
typic characterization of the embryos from intercrosses was
carried out at E8.5 and E9.5 to examine possible morpho-
logical anomalies that precede lethality.
At gross morphological level, no differences were ob-
served between normal and homozygous mutant embryos
at E8.5 (Figs. 2A and 2B). However, at this stage, the mutant
embryos are developmentally delayed by two to four
somites. This developmental retardation becomes more
severe by E9.5 and stages thereafter. Mutant embryos suc-
cessfully undergo gastrulation, neurulation, and turning,
forming a neural tube and all gross features of the central
nervous system. However, at E9.5, Whl/Whl embryos dis-
play a striking variability in phenotypes. The most consis-
tent observations are reduction in size of the forebrain, as
well as perturbation in the development of the rhomben-
cephalon (see below) (Figs. 2C–2F). In some Whl/Whl em-
ryos, the neural tube has a wavy appearance, and in the
ajority of embryos the gross morphology of the otocyst is
bnormal, exhibiting a flattened, diamond shape (Fig. 2H,
rrowhead). Embryonic lethality occurs at approximately
10.5–E11.5, when the majority of mutant embryos are
eing resorbed. Homozygous embryos recovered at E10.5
isplay an increase in the number of somites from the
revious day, indicating that the embryos are developmen-
ally retarded but not arrested at E9.5 (Figs. 2E and 2F).
evere abnormalities in the patterning and positioning of
lood vessels were observed in a small number of mutant
s of reproduction in any form reserved.
d
E
2
hite
248 Alavizadeh et al.E9.5 embryos (Fig. 2H). Typically, a large vessel is observed
to bifurcate and encircle the otic vesicle (Fig. 2H, arrow-
head). The more severely affected embryos occasionally
FIG. 1. Genetic and radiation hybrid map of the Wheels candida
using the T31 radiation hybrid panel (A). EST and Mit marker data
Research RH Map site (http://waldo.wi.mit.edu/mouse rh/). Thr
Genotyping results for two congenic Whl/1 lines exhibiting the cir
the genetic map. Black squares represent the BALBc/J allele and w
TABLE 1
Marker Information for Genes Placed on the Radiation Hybrid Ma
Gene Primers (59-39)
D4Wsu139e F CTGGACTGTTTTGGAACT
R CTAGGCTCCTCACCTCTA
Penk1 F CTGCTTACTGACATCACA
R AGCCAGAGTGCTGTATAG
Lyn F TTGTAGGTAGTTGGAAAA
R GGGTGTTTGTATTCTGAC
Gem F TTCCTCATCCTTATTCAG
R CACTTGGCTAAATCAGTT
Cbfa2t1 F TCCAGTGCGGTGTATGAC
R CTTGGAAGCTGCCAGAATGCT
Copyright © 2001 by Academic Press. All rightisplay edema and blistering in the head region at E9.5 and
10.5 as well as a reduction of the size of the forebrain (Fig.
, arrowheads in D and F).
ion. Markers in the vicinity of the Wheels locus were ordered by
e compiled from the Whitehead Institute/MIT Center for Genome
ditional genes placed on the RH map are Penk1, Lyn, and Gem.
phenotype are shown in (B), where the order of loci is derived from
squares represent the C57BL/6J allele.
Size (bp) Accession No.
229 AA407765
CC 123 U20894
TGG
GC 173 M64608
GG
200 U10551
174 D32007te reg
wer
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clingp
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T
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GCA
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Copyright © 2001 by Academic Press. All rightExpression of Developmental Markers in Whl/Whl
Embryos
We examined the expression of Epha7, a member of the
eph/eck family of receptor tyrosine kinases which was
mapped to the Wheels candidate interval. Epha7 is nor-
mally expressed in forebrain neural folds as well as in
rhombomere 3 (r3) at E8.5 (Taneja et al., 1996). By E9.5, its
expression domain expands to the anterior half of the
midbrain, the most dorsal part of the somites, as well as to
r2–6, exhibiting varying levels of expression in each rhom-
bomere (Fig. 3). Although Epha7 was expressed in Whl/Whl
embryos, it provided indications of abnormal hindbrain
development in mutant embryos. EphA7 expression in
normal embryos shows an essentially equal segmental
width in rhombomeres 2–6, whereas mutant embryos dis-
play a reduction in the flexure of the rhombomeric folds
(Figs. 3C–3E, arrowhead), resulting in the appearance of
lengthened rhombomere 4. Some mutant embryos showed
a reduction in EphA7 expression. However, given the nor-
mal dynamic changes in EphA7 expression levels during
development, it is difficult to ascertain whether the lower
EphA7 expression may reflect the developmental delay of
Whl/Whl embryos.
To further characterize the forebrain and hindbrain ab-
ormalities in homozygous mutant embryos, we examined
he expression of a number of neurodevelopmental markers
y in situ hybridization analysis. Given the observed trun-
ation of the forebrain region in E9.5 mutant embryos, we
xamined the expression of Otx2 a day earlier (E8.5), a gene
xpressed in the anterior neuroectoderm which is the
resumptive forebrain and midbrain anlage (Simeone et al.,
992). No differences were observed in Otx2 expression
etween Whl/Whl and wild-type embryos at E8.5 (data not
shown). We also examined E8.5 embryos for the expression
of Engrailed-2 (En2), a marker for the midbrain/hindbrain
boundary (Davis et al., 1988), and E9.5 embryos for the
expression of Sonic hedgehog (Shh), a marker for the
notochord and floor plate (Chang et al., 1994). We did not
detect any changes in the expression of these markers in the
Whl/Whl embryos (data not shown).
Interestingly, in situ hybridization using the neurodevel-
pmental marker Krox20 revealed abnormalities in the
hombencephalon starting at the 5-somite stage (E8.5) (Fig.
B). This is the earliest developmental anomaly detected in
hl/Whl embryos. The zinc-finger transcription factor,
rox20, is normally expressed, specifically in rhombomeres
and 5 (r3 and r5) at this stage of development (Wilkinson
t al., 1989). As expected, Whl/Whl embryos express
rox20 in two stripes corresponding to r3 and r5. However,
ome expression was also observed in the intervening r4
egment (Fig. 4B, arrowhead). In addition, when compared
o r3 and r5, r4 appears to be narrowed (Fig. 4B). Notable was
he more rounded cell shape and loose packing of cells
xpressing Krox20 (Fig. 4B, arrow). Further analysis with
the r4 marker, Hoxb1, confirmed a narrowing of the r4
segment (Fig. 4D). Surprisingly, Hoxb1 expression extendedFIG. 2. General morphological features of Whl/Whl embryos (B,
, F, and H) compared to 1/1 embryos (A, C, E, and G) at E8.5
A and B), E9.5 (C, D, G, and H), and E10.5 (E and F). No gross
orphological differences are observed in embryos at E8.5 (A
nd B). Homozygous embryos display developmental retardation
y E9.5 and show a wide range of phenotypes truncation of the
orebrain. At E10.5 (E and F), the mutant embryos are develop-
entally delayed or are otherwise being resorbed. Severe abnor-
alities in vascular patterning are occasionally observed, such
s vessels in abnormal positions near the otic vesicle and in the
bnormally into the axial midline of r3 and r5 (Fig. 4D,
s of reproduction in any form reserved.
250 Alavizadeh et al.FIG. 3. In situ hybridization analysis of EphA7 expression in E9.5 wild-type (A), heterozygous (B), and three homozygous mutant embryos
(C–E). Homozygous mutant embryos exhibit abnormal development of the rhombencephalon. This is characterized by lengthening of
rhombomere 4 (arrows in C–E).
FIG. 4. Expression of Krox20 (A and B), Hoxb1 (C and D) at E8.5 in wild-type (A and C) and homozygous mutant embryos (B and D).
Mutant embryos are characterized by patchy expression of Krox20 in r3 and r5 (arrow in B) and aberrant expression in r4 (arrowhead in B).
The domain of Hoxb1 expression is also affected in mutant embryos where ectopic signal is observed along the axial midline (arrow in D).
Scale bar: 50 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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251The Mouse Wheels Mutationarrow). These observations suggest that the delineation of
segment boundaries is perturbed in homozygous mutant
embryos. Analysis of Whl/1 embryos did not reveal any
differences compared with wild-type controls. Furthermore,
whole-mount immunohistochemical analysis of the periph-
eral nervous system using a monoclonal anti-neurofilament
antibody (160 kDa) did not reveal any gross abnormalities in
the patterning and deployment of major cranial nerves
exiting from the rhombencephalon in Whl/1 embryos at
10.5. The fifth (trigeminal), seventh (facial)/eighth (ves-
ibuloacoustic), ninth (glossopharyngeal), and tenth (vagus)
ranial nerves were present and appeared normal (data not
hown).
The Vascular System in Whl/Whl Embryos
We further analyzed Whl/Whl embryos for cardiac and
vascular defects, as the timing of Whl/Whl lethality is
consistent with disruptions that affect development of the
cardiovascular system. Histological analysis of Wheels mu-
tant embryos showed that all major components of these
systems are present. At E8.5, the bulbous allantois appears
normal and makes the chorioallantoic connection a day
later. At E9.5, the yolk sac makes proper attachment to the
placenta and, along with the amnionic sac, surrounds the
entire embryo. Both yolk sac mesodermal and endodermal
layers are present and there is evidence of hematopoiesis as
evidenced by the presence of blood islands in the yolk sac.
Histological analysis of mutant embryos shows formation
of the dorsal aorta, the cardinal and umbilical veins, as well
as the branchial arch arteries. Formation of the heart tube
and looping appear to proceed normally, and beating of the
heart and blood circulation can be observed as late as E10.5
in homozygous mutant embryos.
Initial observation of possible patterning defects in the
vascular system as well as the presence of edematous cysts
on the brain prompted us to further analyze vasculogenesis
and subsequent angiogenesis in homozygous mutant em-
bryos. We used monoclonal antibodies to platelet endothe-
lial cell adhesion molecule (PECAM)-1 to visualize endo-
thelial cells in E9.5 Whl/Whl and 1/1 embryos (Fig. 5).
From the analysis of its expression in mutant embryos, it
appears that the initial stages of angioblast recruitment and
formation of the primary capillary plexus proceed normally
(Figs. 5B and 5C). The vascular network is present in all
parts of the embryo. However, sprouting from preexisting
vessels and vascular remodeling to produce new vessels
during angiogenesis appears to be delayed or arrested. In the
head, vessels in Whl/Whl embryos are generally larger in
diameter and more uniform in size, and smaller capillaries
appear less abundant as compared to wild-type embryos
(Figs. 5B and 5C). Some regions of the forebrain appear to be
devoid of vasculature altogether (Fig. 5C, white arrow). In
contrast, in normal embryos, the most rostro-lateral do-
mains of the head are populated by small capillaries barely
visible by PECAM-1 staining (Fig. 5A). Alterations in vas-
cular patterning are also observed in the intersomitic re-
gions of homozygous mutant embryos (Figs. 5D and 5E).
Copyright © 2001 by Academic Press. All rightThe intersomitic vessels appear thinner, and show abnor-
mal branching (Fig. 5, arrowheads in E). Histological anal-
ysis of PECAM-1-stained embryos revealed a reduction in
endothelial cells in the perineural vascular plexus accom-
panied by a reduction of angioblasts in the neuroepithelium
of Whl/Whl embryos. This is likely an indication of a defect
in the ingrowth of capillaries into the neural tube (Figs. 5H
and 5I). To assess the integrity of extraembryonic vascula-
ture, yolk sacs from wild-type and mutant embryos were
also examined. Whereas PECAM-1 staining of wild-type
and heterozygous yolk sacs displays vessels with a range of
diameters from larger vessels to numerous smaller capillar-
ies, in mutant yolk sacs the vessels are more uniform in size
with a striking paucity of large vessels (Figs. 5F and 5G).
Together, these results show a defect in angiogenesis in
Whl/Whl embryos.
Malformation of the Inner Ear in Whl/1 Embryos
To gain further insights into the role of the Wheels gene
roduct in development and to elucidate the developmental
rigins of the circling phenotype in Whl/1 mice, paint-fills
f wild-type and Whl/1 heterozygous ears were performed
t E16.5, a time when the ear is essentially structurally
omplete (4 1/1; 6 Whl/2 ears). All Whl/1 ears showed a
posterior truncation of the lateral canal (Figs. 6B and 6D;
Table 2). Since the truncation occurred on the posterior side
of the canal, the ampulla, the structure that houses the
sensory part of the canal, was present although small (Fig.
6D). The posterior canal was also affected, although the
abnormalities were more variable. In some cases, the pos-
terior canal and ampulla were simply smaller (Fig. 6F); in
other cases (n 5 3 ears), the posterior canal and ampulla
were absent altogether (Fig. 6G; Table 2). In several animals,
this variability was observed between right and left ears,
suggesting it was not due entirely to genetic background
effect.
Wild-type and heterozygous ears were further examined
by paint-filling between E12.5 and E13.5, a critical time
period in canal development. During this time, the central
portion of the walls of the canal primordia come together,
fuse, and disappear, leaving the outermost rim of the
epithelium as a hollow tube or canal. In normal ears, the
three canals initiate this fusion process sequentially start-
ing with the anterior canal, followed by the posterior and
then lateral canal (Larsell et al., 1935; Martin and Swanson,
1993; Streeter, 1906; Sher, 1971). When wild-type ears (n 5
5) were examined at E12.5, either the anterior canal and
posterior canals were fused while the lateral canal remained
unfused (Figs. 7A and 7C), or all three canals were fused. In
contrast, heterozygous animals (n 5 5 ears) all showed
fusion of the anterior canal (similar to wild type) while the
posterior and lateral canals remained unfused (Figs. 7B and
7D). Furthermore, the outpocketings of the posterior and
lateral canal appeared small. This was particularly apparent
in the case of the lateral canal in which the width of the
canal primordium was clearly reduced (Fig. 7D). The pri-
mordium of the lateral canal did not extend posteriorly,
s of reproduction in any form reserved.
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252 Alavizadeh et al.consistent with the portion of the lateral canal that is
absent in heterozygotes at E16.5. By E13.5, the lateral canal
truncation was readily apparent in all heterozygous ears
(Figs. 7F and 7H; Table 2), indicating that the truncation
occurred while the canals were undergoing the fusion
process. Interestingly, the posterior canal still did not
appear fully fused in some mutant ears (Table 2), further
confirming the apparent delay observed at E12.5.
We sought to determine whether the morphological
anomalies detected at E12.5 are preceded by perturbations
in expression of inner ear markers at earlier stages. We
observed abnormal expression of bone morphogenetic pro-
tein 4 (Bmp4) in Whl/1 inner ears at E11.5. Bmp4 is a
ecreted member of the transforming growth factor (TGF)
uperfamily and, at E11.5, is expressed most prominently in
he presumptive anterior, posterior, and lateral cristae, the
ensory organs of the three semicircular canals (Morsli et
l., 1998). In situ analysis of inner ears from Whl/1 em-
ryos revealed a reduction of Bmp4 signal in the lateral
cristae and a severe to complete reduction in the posterior
cristae, while the anterior signal appears unaffected (Figs.
8C and 8D, arrowheads). Similar to Bmp4, the Msh ho-
eobox gene, Msx1, is normally expressed in the presump-
ive sensory organs of the three semicircular canals. In
hl/1 inner ears at E11.5, Msx1 expression, like Bmp4,
as reduced in the lateral and posterior cristae, while no
hange was observed in the anterior cristae (Figs. 8C and
D, arrowheads). Analysis of Pax2 and Hmx3 (Nkx5-1), two
genes expressed on the ventrolateral/dorsomedial and dor-
solateral wall of the otic vesicle, respectively, did not show
any changes in expression pattern in Whl/1 inner ears
ompared to wild-type littermates (data not shown).
DISCUSSION
The Wheels mutation, which was identified in a random
utagenesis screen for dominant behavioral anomalies,
ncodes a gene essential for embryonic development. We
apped the Wheels locus to the subcentromeric portion of
FIG. 5. PECAM-1 immunostaining of E9.5 wild-type (A, D, F, and
sacs (F and G), and embryo sections (H and I). Homozygous mutant
regions of the forebrain (arrows in C). Defects in vascular patterning
region of homozygous mutant embryos (arrowheads in E). In the yol
by the finding of a restricted range of vessel diameters and the absen
sections of immunostained embryos showed reduced PECAM-1
reduction in the number of endothelial cells that invade the neuro
dorsal aorta; NT, neural tube.
FIG. 6. Paint-filled ears of wild-type and heterozygote animals s
E16.5. A and B are lateral views, C and D are dorsal views, and E–G
The thin arrow in B and the asterisk in D indicate the truncation in
The asterisks in F and G indicate the position of the posterior amp
The double-headed arrows in C and D show the smaller space encl
probable remnant of the dorsal part of the posterior canal. aa, an
endolymphatic sac; la, lateral ampulla; lsc, lateral semicircular canal; s
Copyright © 2001 by Academic Press. All rightouse Chromosome 4, to a 1.1-cM region between
4Mit104 and D4Mit181. The evidence reported here indi-
cates that the Wheels mutation does not correspond to any
previously identified gene, and the precise map location
provides a starting point for positional cloning of the
disrupted gene. Wheels is a pleiotropic mutation with
variable penetrance and expressivity of a range of morpho-
logical anomalies that include defects in vascular remodel-
ing, hindbrain, and inner ear development.
Defects in Angiogenesis
Whl/Whl embryos die at E10.5–E11.5, exhibiting signifi-
cant growth retardation. Lethality at this stage of develop-
ment is characteristic of mutants in which derivation of
nutrition or cardiovascular function has been compromised
TABLE 2
Summary of Canal Defects in Whl/1 Mutant Animals
Age Specimen Ear
Canal
Lateral Posterior
E16.5 Whl-1 R truncated small
L truncated small
Whl-2 R truncated absent
L * absent
Whl-3b R truncated small
L truncated absent
13.5 Whl-6 R truncated unfused
L truncated unfused
Whl-4b R truncated small
L truncated small fusion area
Whl-2 R truncated absent
L truncated absent
Whl-1b R truncated absent/unfused
L truncated absent
Note. *, Undetermined phenotype due to bad paint–fill.
a Phenotypes vary between left and right ears.
nd Whl/Whl (B, C, E, G, and I) whole-mount embryos (A–E), yolk
yos show a paucity of blood vessels in the most anterior and rostral
also indicated by abnormal sprouting of vessels in the intersomitic
s of mutant embryos (G), defects in vessel remodeling are indicated
large vessels (compare G with wild-type yolk sac in F). Histological
ing of endothelial cells in the perineural vascular plexus and a
elium of the neural tube (H and I). CV, anterior cardinal vein; DA,
a truncated lateral canal and a small or absent posterior canal at
posterior views. Genotypes are displayed in the upper right corner.
ateral canal, although the ampulla is present (thick arrows in B–D).
which, although small, is present in F but absent altogether in G.
by the posterior canal of the mutant. The arrow in G indicates the
r ampulla; asc, anterior semicircular canal; cd, cochlear duct; es,H) a
embr
are
k sac
ce of
stain
epith
how
are
the l
ulla,
osed
terioa, saccule. Scale bar in E 5 500 microns.
s of reproduction in any form reserved.
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arrow in D demonstrates the much smaller lateral canal outpock- 5
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Copyright © 2001 by Academic Press. All right(Copp, 1995). A number of targeted disruptions in genes
that affect heart development or angiogenesis lead to devel-
opmental retardation followed by embryonic lethality be-
tween E8.5 and E11.5 (Suri et al., 1996; Maisonpierre et al.,
1997; Xue et al., 1999; Carmeliet et al., 1996). Our analysis
showed no obvious defects in cardiac development. How-
ever, vascular patterning as examined with PECAM-1 im-
munostaining points to aberrant angiogenesis in the yolk
sac and embryo proper. Formation and patterning of blood
vessels is a two-step process (Risau, 1997; Hanahan, 1997),
the first being vasculogenesis—the assembly of angioblasts
into discrete blood vessels that form a homogenous capil-
lary plexus—and a second phase referred to as angiogenesis,
which entails remodeling of this vascular network to form
smaller capillaries and larger vessels through proliferation
and migration of endothelial cells and recruitment of
FIG. 8. Expression analysis of Bmp4 (A and B) and Msx1 (C and D)
in wild-type (A and C) and Whl/1 (B and D) inner ears at E11.5.
Hybridization signal is greatly reduced in the lateral and dimin-
ished in the posterior cristae (B and D, arrowheads). Scale bar:
200 mm.
eting when compared to the broader arrow in C. White arrows in F
and H indicate the lateral canal truncation and the smaller poste-
rior canal respectively. asc, anterior semicircular canal; cd, co-
chlear duct; es, endolymphatic sac; lsc, lateral semicircular canal,
sa, saccule. Scale bar in B 5 500 microns for A–D; scale bar in H 5FIG. 7. Paint-filled ears of wild-type and heterozygote animals at
E12.5 (A–D) and E13.5 (E–H), two critical time points in semicir-
cular canal development. Wild-type ears are shown on the left and
heterozygotes are shown on the right. (A, B, E, and F) Ears shown
from the medial vew. (C and D) Dorsal views. (G and H) Lateral
views. Black arrow in A indicates the canal fusion process that has
not begun for the posterior canal shown in B. The double-headed00 microns for E–H.
s of reproduction in any form reserved.
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255The Mouse Wheels Mutationsmooth muscle cells and pericyte precursors. Our studies
showed that vasculogenesis is unaffected in Whl/Whl mu-
ant embryos, but, rather, the process of angiogenesis is
erturbed. Thus, a vascular network is present in the
hl/Whl yolk sac and embryo proper, but further branching
f the vessels does not continue, leaving the vascular
etwork much less complex than normal controls. Whereas
hl/Whl embryos die after E10.5, disruption of genes
ncoding ligand and receptors involved in vasculogenesis
VEGF, Flk1, and Flt), causes lethality at E8.5–E9.5 (Breier
t al., 1996; Carmeliet et al., 1996; Ferrara and Bunting,
996; Dumont et al., 1994; Sato et al., 1995). Normal
ngiogenesis leads to sprouting of vessels into initially
vascular organs such as the neural tube. This process is
learly disrupted in Wheels homozygous embryos, given
the significant reduction of vessels in the perineural vascu-
lar plexus which is accompanied by abolished invasion of
the neural tube by endothelial cells. Inadequate capillary
sprouting and branching at this stage can compromise blood
circulation and lead to growth retardation and eventually
death in Whl/Whl embryos. This could account for the lack
of proper growth and expansion of the forebrain and the
blistering and edema evident in the head region of severely
affected Whl/Whl embryos.
Defects in angiogenesis have been reported in a number
of other mouse mutants. Notably, embryos homozygous for
targeted mutations in ephrinB2 (Wang et al., 1998; Adams
et al., 1999) and Ephb4 (Gerety et al., 1999) display very
similar defects in angiogenesis and vascular remodeling as
those seen in the Whl/Whl embryos and yolk sacs. Similar
henotypes have also been observed in null mutations for
otch1 (Krebs et al., 2000) and its ligand Jagged1 (Xue et al.,
999) in which lethality also occurs around E10.5. These
bservations suggest that the pathway affected by the
heels mutation may functionally interact with the Eph/
phrin as well as the Notch pathway during intracellular
ignaling events that lead to remodeling of the embryonic
asculature (see below).
Hindbrain Defects
The hindbrain defects observed in Wheels homozygous
mbryos include alterations in the organization of the
hombomeric segment boundaries and abnormal flexure of
he rhombomeric folds. Given that the hindbrain is known
o exert long range inductive interactions essential for the
evelopment of the otocyst, the otic vesicle abnormalities
n Wheels could have arisen secondarily from these hind-
rain defects. The inhibition of FGF signaling from the
hombencephalon have been shown to cause defects in
evelopment of the inner ear (Represa et al., 1991). Anoma-
ies in otocyst development and poor canal development
ere also observed in amphibian embryos after surgical
eplacement of the hindbrain with midbrain or spinal cord
issue (Detwiler and van Dyke, 1950). The most compelling
vidence that otocyst defects in Whl/Whl can arise from
indbrain anomalies comes from the analysis of the kreisler
nd Hoxa1 mutants (Cordes and Barsh, 1994; Frohman et c
Copyright © 2001 by Academic Press. All rightal., 1993; Chisaka et al., 1992; Lufkin et al., 1991; Carpenter
et al., 1993). Both mutants show patterning defects in the
hindbrain and otic vesicle, even though neither gene is
expressed in the otocyst. However, in both cases, the
mutant otic vesicle phenotype was observed only in ho-
mozygotes, and, in both mutants, this defect was associated
with the deletion of specific rhombomeric segments. In
contrast, Wheels embryos show a normal number of rhom-
bomeric segments, but with an abnormal organization. In
Wheels, cells expressing Krox20 were observed in rhom-
bomere 4. This is not likely to represent a failure to
maintain segment identity, since Hoxb1 expression was
maintained in rhombomere 4. Rather, such ectopic expres-
sion may reflect a failure to restrict cell movement across
segment boundaries. This could also account for the finding
of Hoxb1 expression extending rostrocaudally across the
axial midline. It is interesting to note that cells in rhom-
bomeres 3 and 5 of Whl/Whl embryos have a more rounded
morphology, perhaps indicating an alteration in cell–cell
adhesion.
Abnormalities in the Inner Ear
Whl/1 mutants also exhibit inner ear defects with inter-
mittent bi-directional circling behavior. Studies here show
that in Whl/1 mutants, the lateral semicircular canal is
truncated posteriorly and the posterior canal is small or
sometimes absent altogether. Our analysis of the canals
during development showed that the primordia of the
lateral and posterior canal were reduced in size and the
fusion process was delayed. For several reasons, it seems
unlikely that the ear defects in Whl/1 embryos are derived
secondarily due to defects in hindbrain vasculature. Firstly,
both the hindbrain and vasculature appear grossly normal
in the heterozygotes. Secondly, there have been no reports
of defects in the vasculature affecting inner ear develop-
ment, and, although there is a clear link between hindbrain
development and inner ear patterning, previous cases where
this link exists show gross abnormalities in hindbrain
patterning such as missing rhombomeres (Chisaka et al.,
1992; Lufkin et al., 1991; Cordes and Barsh, 1994).
In general, abnormal morphogenesis of the semicircular
canals is a common feature of several shaker/waltzer mu-
tants, such as kreisler (Deol, 1964) and fidget (Gruneberg,
1943; Truslove, 1956), or targeted mutations in numerous
genes including Hmx3 (Wang et al., 1998b; Hadrys et al.,
1998), Otx1 (Acampora et al., 1996; Morsli et al., 1999),
Prx1 and -2 double mutants (ten Berge et al., 1998), and
etrin 1 (Salminen et al., 2000). Unfortunately, despite
umerous mutants available, little is known about the
xact role of these proteins in semicircular canal develop-
ent. The WHEELS gene product clearly appears to be
mportant for proper canal outgrowth, as both the lateral
nd posterior primordia appear small at E12.5. The subse-
uent defect in canal fusion may be secondary to the defect
n the outgrowth, as the canals may be required to attain a
ertain size before canal fusion can take place. Alterna-
s of reproduction in any form reserved.
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256 Alavizadeh et al.tively, Wheels may play a role in both canal outgrowth and
canal fusion.
The phenotype of the Whl/1 ears most resembles the
phenotypes observed in the Prx1/2 double mutants and the
netrin 1 knockout. Specifically, it has been shown that
netrin 1 mutants do not develop lateral and posterior
semicircular canals, and that netrin 1 is required for normal
fusion plate formation (Salminen et al., 2000). Salminen et
al. (2000) further showed that there was decreased prolif-
eration in the mesenchymal cells surrounding the canal
fusion plate in the netrin 1 mutants, and the authors
hypothesised that mesenchymal cell proliferation may be
the mechanism by which the canal epithelia are pushed
together to form the fusion plate. It is therefore conceivable
that a delay in canal fusion in the Whl/1 mutants may be
due to inadequate mesenchymal proliferation around the
canal fusion plates.
Prx1/22/2 mutants demonstrate reduced outgrowth of the
canals and delayed fusion at E12.5, similar to the abnormal
development observed in Whl/1 mutants (ten Berge et al.,
1998). Interestingly, Prx1 and Prx2 are only coexpressed in
he mesenchyme surrounding the canal region of the otic
esicle, indicating an important role for the mesenchyme in
irecting canal outgrowth. Interactions between the otic
esenchyme and the otocyst have previously been shown
o be important for canal morphogenesis (Swanson et al.,
990; Anniko et al., 1984). It has been suggested that Hmx3,
netrin 1, and Prx1/Prx2 participate in a cascade of events
hat lead to normal canal formation (Salminen et al., 2000).
ased on the phenotypic similarities, it seems likely that
he Wheels gene product also plays a role in these events,
lthough determining whether it is acting in the mesen-
hyme to direct canal outgrowth (similar to the Prx genes)
r whether it is acting in the ear epithelium itself (similar to
he netrin 1 gene) will have to await identification of the
ene.
Interestingly, analysis of the canals during development
sing molecular markers revealed a remarkably early onset
f this dominant phenotype; at E11.5, the cristae of both
ffected canals, lateral and posterior, display a reduction in
mp4 and Msx1 signal, whereas the anterior crista displays
a normal level of expression of these genes. Reduced Bmp4
and Msx1 signal may be due to either reduction in mRNA
levels or selective loss of cells that express these genes.
These data suggest that the Wheels gene is important for
both sensory and nonsensory aspects of canal development.
Indeed, from paint-fills, the lateral and posterior ampullae
appear small or (in the case of the posterior ampulla) are
missing completely. Consistent with these observations,
loss and/or atrophy of the lateral, and less frequently of the
posterior and anterior cristae have been observed in Whl/1
adult inner ears (Nolan et al., 1995). Similar results were
obtained from studies of two zebrafish mutants, dog-eared
(dog) and little richard (lit), which display weak or absent
expression of cristae-specific markers msh-C and msx-C,
respectively, and are accompanied by defects in semicircu-
lar canal formation (Whitfield et al., 1996; Malicki et al.,
Copyright © 2001 by Academic Press. All right1996), indicating that the morphogenesis of the cristae and
their respective canals are in some way linked.
The highly pleiotropic nature of the Wheels mutation
suggests that the affected pathway is utilized to achieve
different developmental goals. Notch signaling represents
an evolutionarily conserved mechanism that controls a
broad spectrum of developmental processes, such as differ-
entiation, cell fate specification, proliferation, and apopto-
sis. This pathway has been shown to play an important role
in regional identity and cell fate-specification events in
sensory patches of the inner ear in the mouse, chick, and
zebrafish (Lanford et al., 1999; Adam et al., 1998; Haddon et
al., 1998), as well as in angiogenic vascular remodeling
(Swiatek et al., 1994; Hrabe de Angelis et al., 1997; Krebs et
al., 2000). To date, the only mouse mutations which closely
mirror the combination of defects observed in Wheels are
hree alleles of the Jag1 gene, Coloboma (Cm), a 1.1- to
2.2-cM deletion that encompasses the gene encoding the
Notch ligand Jagged1, and two newly identified ENU-
induced mutations of the Jag1 gene, Jag1Htu and Jag1Slm (Tsai
et al., 2000; Kiernan et al., 2001). These mutations are
characterized by abnormal behavior in heterozygotes and
defects in vascular remodeling in homozygotes. Specifi-
cally, these mutants show semicircular canal defects in
heterozygotes and lack of angiogenic remodeling in the yolk
sac and in the head region leading developmental delay and
subsequent embryonic lethality around E11.5 in the ho-
mozygotes, similar to Whl mutants (Xue et al., 1999; Hess
et al., 1994; Tsai et al., 2000; Kiernan et al., 2001). However,
the semicircular canal defects found in these mutants are
different from those found in Whl/1 mutants. These results
demonstrate that Jagged1 is required for signaling events
that lead to normal inner ear patterning and angiogenic
remodeling. Double-mutant analysis between Wheels,
Jagged1, and other members of the Notch family will be
necessary to determine whether Wheels interacts with the
Notch pathway. No other known members of the Notch
pathway have been mapped to the Wheels critical region.
The observed phenotypes in homozygous and heterozy-
gous mutant embryos are interesting in light of the map-
ping of Epha7 to the Wheels candidate interval and the
known role of this large family of receptor tyrosine kinases
and their ligands in early vascular and/or inner ear devel-
opment (Wang et al., 1998a; Adams et al., 1999; Cowan et
al., 2000). In addition, several Eph/ephrin family members
are expressed in a rhombomere-specific manner and have
been shown to play an important role in the establishment
of rhombomeric boundaries (Mellitzer et al., 1999; Xu et al.,
1999). Although we found no mutation in the coding region
of Epha7 and have not detected major differences in its
expression, it is conceivable that subtle changes in tempo-
ral and spatial regulation of expression could have been
missed. Our chromosomal localization of 14 Eph receptors
and 8 ephrins by radiation hybrid mapping ruled out the
presence of additional known family members in the
Wheels candidate region (A.A. and M.B., unpublished data).The lack of information about the identity of the gene
s of reproduction in any form reserved.
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257The Mouse Wheels Mutationdisrupted by the Wheels allele has confounded the interpre-
ation of developmental defects in Whl/Whl. At least two
ossibilities are suggested by the presence of a dominant
ircling phenotype which is distinct and less severe than
he recessive lethality: haploinsufficiency of the Wheels
ene product, or an antimorph allele in which the mutation
ntagonizes the wild-type allele. The establishment of an
llelic series at the Wheels locus and comparison of the
utant phenotypes in different alleles are required to
nravel the molecular mechanisms that underlie the domi-
ant mode of inheritance of the circling behavior. Recent
fforts involving large-scale ENU mutagenesis at Harwell,
.K. has led to the identification of six independent domi-
ant mutations that may represent additional alleles at the
heels locus (Nolan et al., 2000). The characterization of
hese additional alleles will aid in the positional cloning
nd functional analysis of the Wheels gene. The isolation of
he gene disrupted by the Wheels mutation will reveal
hether it has an independent role in a diverse set of
evelopmental processes, or mediates a common mecha-
ism that underlies vascular, hindbrain, and/or inner ear
evelopment.
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